ABSTRACT Numerous studies have developed self-reliance support robots, such as those assisting the sit-to-stand (STS) movement, which requires coordination between the upper body and the lower limbs. However, few studies have quantitatively evaluated the service quality of such robots. This paper proposes a method to evaluate the service quality of STS-assistance robots through the relative phase (RP), which contains information on the coordinating relationship between the upper body and the lower limbs. STS experiments were performed under three conditions, namely unassisted STS movement and robotsupported STS movements lasting 2 and 5 s. The results showed that the quality of robot assistance during STS movement could be quantitatively evaluated through RP. Furthermore, three features-minimum RP, mean absolute RP, and deviation phase (DP)-that contained information on the users response to the robot could be extracted for data mining. Moreover, electromyography performed to verify the experimental results confirmed the relationship between coordinated performance and muscle activities during STS movements. Thus, evaluating STS movements through the RP is an effective method of evaluating the service quality of robots, and features extracted from RP theory could distinguish classes of movements with a high probability.
I. INTRODUCTION
Demographic data from the United Nations indicate that population aging is inevitable, with 1.4 billion people worldwide estimated to be 60 years or older by 2050 [1] . This unbalanced population pyramid together with the aging baby boomer generation is expected to result in a labor shortage in the healthcare industry. Research on service robots is driven by the criticality of this crisis. The International Federation of Robotics estimates 42 million service robots (worth US $23.1 billion) to be sold during 2016-2019 [2] .
To increase the user acceptance of and satisfaction with high-tech robots, researchers are now focusing on evaluating the service quality of robots. Broadbent et al. [3] studied participant attitudes and reactions toward a robot, accompanied by a medical student, measuring blood pressure and reported that the participants expressed concerns about the robot but were comfortable with the medical student. Sparrow [4] criticized the use of robots as care providers, calling it unethical. Such subjective evaluation of service robots is believed to be strongly influenced by several variables such as age, gender, and culture [5] and is thus expected to yield suboptimal or pessimistic results.
With advances in technology, in addition to robots that provide indirect service, such as those providing drug delivery and emotional companionship (e.g., toys and leisure tools), robots that provide direct service, such as those that assist users in executing daily activities, are expected. Sit-to-Stand (STS) is a nearly unavoidable everyday task performed to change from a sitting position to a standing position. Healthy older adults are estimated to perform the STS movement 71 times per day on average, significantly more times than those who were admitted to a rehabilitation ward or a day hospital [6] . The number of people who cannot perform this basic movement because of deterioration of muscle strength or a chronic health condition is increasing, in turn increasing the demand for service robots that can assist with such movement. Numerous STS robots have been developed to help users to, for example, move out of a bed, but few studies have evaluated their service quality.
Some studies have investigated joint degrees, torque, and center of mass of users during robot-assisted STS movement [7] , [8] . Emphasizing the importance of human performance in evaluating human-robot interactions Tsui et al. argued that human movement rather than robot movement should be analyzed when evaluating support robots [9] .
STS movement requires the coordination of the upper body and the lower limbs and control over the different segments involved. Simple and separate analyses of individual segments cannot accurately reflect the complex characteristics of human STS movement. To the best of our knowledge, no studies have yet addressed a universal method of evaluating support robots; thus, a comprehensive analysis of robotassisted STS movement is warranted.
In this study, we propose a method to evaluate the support quality of STS robots from the perspective of the synchronized coordination between the upper body and the lower limbs. In particular, we used the relative phase (RP) to obtain information on the relationship (e.g., angular displacement and angular velocity) between these two body segments. In addition, we extracted three features through the RP for data mining. Finally, we measured the muscle activities during STS movement to verify the experimental results.
The rest of this paper is organized into five sections: Section 2 describes the participants, the experimental system, and the proposed method. Section 3 presents the experimental results. In Section 4, we verify the experiment results using electromyography (EMG) and discuss the merits and demerits of this study. Finally, Section 5 concludes the paper.
II. METHODS
A. EXPERIMENTAL SYSTEM Fig. 1 (a) shows a prototype self-reliance support robot whose end-effector speed can be regulated between 1.5 and 5.0 s. This robot provides limited power, meaning that the users need to use some muscle power to execute STS movement, which according to Schenkman et al. [10] are marked by four events, as shown in Fig. 1 (b) . The experimental system. The high-speed camera system consists of a high-speed camera (250 Hz, VW-9000Keyence, Japan) and five LED markers placed on the users at the following positions per the ISO 7250:1996 standard: acromial, greater trochanter, lateral patellar ligament, lateral malleolus, and instep (--trunk, --thigh, --shank, --feet). Each marker is nearly the size of, but much lighter than, a 100-yen coin. 2 shows the experimental system, which consists of a height-adjustable chair (CS-320A) for initializing the STS movement, a self-reliance support robot for STS assistance, and a high-speed camera system for measuring and analyzing the STS movement.
The seat height of the chair (height × width × depth = 78 × 35 × 48 cm) is adjustable to six levels (32-62 cm). Fig. 3 illustrates the design scheme and the trajectory of the support robot utilized in our experiments, which is a robot VOLUME 5, 2017 entailing a chain-motor system containing a geared motor and three chains ( Fig. 3 (a) ). Fig. 3 (b) presents the trajectories of the robot links and the end-effect, wherein the start and end points are programed to match the position of the participants chests while they are sitting and standing still. Our support robot only supports the participants trunks.
We used a high-speed camera system to measure kinematic data. Using the trajectory of each marker captured at a sampling frequency of 250 Hz and horizontal and vertical resolution of 0.5 mm (set through pre-experiment calibration), the angle and angular velocity of the trunk, thigh, shank, and feet were calculated by solving the forward and inverse kinematics. After the authors explained the objectives of this study, informed consent was obtained from all participants before the experiments. All experiments were conducted in accordance with the Declaration of Helsinki, and an institutional review body explicitly approved the potentially risky aspects of the study. Table 1 summarizes the experimental conditions. Janssen et al. [11] categorized the determinants that may result in stress during STS movement as participant-, chair-, and strategy-related factors. For young participants (25-36 years) without impairments, lowering the seat of the chair from 115% to 65% of the knee height made the STS movement more demanding or even inexecutable. Therefore, to create a condition that necessitates some support, the seat height was set to 43 cm (<115% of the knee height). Foot position, a strategy-related factor, is strongly influential in STS movement, but the robot design restricted the possible foot placements in our study. Our pre-stage test revealed that the anterior foot position in our experiment may place participants at risk of injury. Therefore, only the posterior foot position shown in Table 1 (angle of the ankle 80 • ± 5 • was used as the initial feet position in the experiment. For reference, we performed an unassisted STS experiment (i.e., the Class 1 experiment), wherein participants were requested to stand up from the chair five times at a selfselected speed, but with their hands and arms crossed over their chest to remove the dynamic effect of the lower limbs during STS movement.
We assumed that participant-and chair-related determinants largely do not influence STS performance but that strategy-related determinants such as speed, foot position, and arm movement do. Pre-experiment results indicated that speed exerted the strongest influence on STS movement. Therefore, we formed two robot-support classes, Classes 2 and 3, corresponding to end-effector STSperformance durations of 2 and 5 s. In all classes, the seat height was 43 cm, with posterior foot placement. The participants were asked to practice receiving assistance from the robot until they were familiar with the process, following which each class of experiments was performed five times.
C. DATA ANALYSIS THROUGH RP
Coordinated movement was assessed using RP, an indicator of positional (not temporal) changes in the coordination of two segments or joints. This innovative method for analyzing human movement has been widely used to determine the stability of and identify transitions in the dynamics of bimanual coordination as well as to characterize joint or segmental coordination during the movement cycle [12] , [13] . In quantifying the relationship between the kinematics of two body segments or joints that are linked anatomically and mechanically, the coordination relationship between the oscillators of some postures in the human body is often described as a coupling. Fig. 4 presents an illustrative RP analysis of one Class 1 participants data (n = 1).
For the RP analysis, we first constructed the phase planes of the two oscillators of interest. Phase planes are usually constructed from the position-velocity (or angular positionangular velocity) histories of the segments or joints. When constructing the plane using angular position and angular velocity, the angular position is generated from the kinematic data collected using the high-speed camera system, and angular velocity is calculated using an appropriate differentiation method. Fig. 4 (a) describes the three segments and two joints investigated in this study, and Fig. 4 (b) presents the results of the measured θ Trunk and θ Thigh and differentiated data (ω Trunk and ω Thigh ), respectively.
Next, we normalized the angular position and angular velocity profiles. Amplitude normalization is essential because the amplitude of the velocity data is usually much higher than that of the position data. Normalization, however, may lead to the loss of information on zero velocity (i.e., the zero on the vertical axis of the plane plot would not correspond to actual zero velocity). The normalized angular position, ranging from -1 to +1 is given by
where θ is the normalized angular position, θ is the original angular position, and i is a data point in the cycle. A similar procedure is performed for normalizing angular velocity, but this normalization does not result in the loss of zero velocity at the origin:
where ω is the normalized angular velocity, ω is the original angular velocity (ω = dθ dt , ω is angular velocity, θ is angular displacement, dt is data interval, as the sampling frequency of the high-speed camera is 250 Hz, dt = 0.004 second), and i is a data point in the cycle. Fig. 4 (c) shows normalized data for θ Trunk , θ Thigh , ω Trunk , and ω Thigh , and Fig. 4 (d) shows the construction of the phase plane for the RP analysis.
Finally, the phase plane is constructed by plotting angular position against angular velocity. For each oscillator, the phase angle (i) is obtained by calculating the four-quadrant arctangent angle relative to the right horizontal at each instant in the cycle as
where is the phase angle, ω is the normalized angular velocity, and θ is the normalized angular position. Fig. 4 (e) presents the analyzed data for Trunk and Thigh . The RP angle of the coupling of the two oscillators (i.e., the two segments or joints) is then calculated as
where 
D. FEATURE EXTRACTION FOR DATA MINING
The curves must be characterized as single numbers; this can be achieved using features. The minimum point in the RP curve is an important feature for comparing STS performance under different experimental conditions. Two additional commonly used feature points for feature extraction are mean absolute RP (MARP) and deviation phase (DP). MARP, which can be used to quantify whether the interacting segments display an in-phase or out-of-phase pattern during STS, is calculated from the mean ensemble curve by averaging the absolute values of the ensemble curve points:
where N is the number of points in the RP mean ensemble and RP is the relative phasing relationship between two segments. The lower (higher) the MARP, the more (less) in-phase is the relationship of the oscillating segments. We can determine the variation in the organization of the neuromuscular system by calculating the DP of the RP for the two interacting segments. DP provides a measure of the stability of the organization of the neuromuscular system and is calculated by averaging the standard deviation (SD) of the VOLUME 5, 2017 FIGURE 5. RP in all classes. Black, red, blue, and gray solid lines represent the average data for the trunk, thigh, RP, and raw data, respectively. ensemble RP curve points:
where N is the number of points in the RP mean ensemble and SD is the standard deviation of the mean ensemble at the ith point. The lower (higher) the DP, the more (less) stable is the organization of the neuromuscular system.
III. RESULTS
A. RP ANALYSIS Fig. 5 presents the results of the RP analysis for Classes 1-3 (n = 30). The first and second columns in Fig. 5 represent the normalized angle placement and angular velocity of the trunk (black)and the thigh (red), the third column shows the plots of the phase plane plotted using normalized data, the fourth column presents the phase angles obtained using the phase plane, and the fifth column presents the RP calculated using the difference between the phase angles of the trunk and thigh. Using data from the first and second columns, we can recognize the differences in the kinematics (i.e., angle placement and angular velocity) of trunk and thigh movement, but it is difficult to evaluate the mutual influence (i.e., coordination) between the trunk and thigh during STS movement.
A closer review of data in the fifth column reveals that a negative RP indicates a larger influence of the trunk movement, whereas a positive RP indicates a larger influence of the thigh movement on STS. RP is minimum at the instance of trunk flexion, immediately before hip-knee extension.
The RP curve tended to the zero axis, indicating good trunk-thigh coordination. Compared with the RP curves in Fig. 5 (a) and (b) , the blue lines in Fig. 5 (c) in the fifth column deviate from the zero axis, revealing that coordinated movement in Class 3 is worse (or more odd) than in Classes 1 and 2. Moreover, unlike the other classes, Class 3 yielded a rough RP curve, with the curve having more than one local minimum during each STS STS.
We use Class 1 as the reference to compare STS performance under different experimental conditions. Minimum RP in Class 2 was similar to that in Class 1 (33.65 ± 11.89 and 32.55 ± 5.63, Class2 Class1 = 1.03 times, almost equal); however, the minimum RP in Class 3 (54.15 ± 13.60) was 1.66 times higher than that in Class 1. Thus, we conclude that the slower assistance speed of the robot in Class 3 had a negative effect on robot support during STS movement.
B. THE THREE FEATURES
The bar charts in Fig. 6 describe the three extracted features under the three experimental conditions, where the left-side bars (|Min RP |) represent the absolute minimum data of RP , middle bars (MARP) represent the in-phase or out-of-phase pattern during STS movement calculated using equation 5, and the right-side bars (DP) represent the stability calculated using equation 6. Regarding |Min RP |, we mainly focused on
Class2
Class1 and
Class3
Class1 as the ratio based on Class 1 would show how different Classes 2 and 3 are with respect to the normal condition. The speed of the end-effector differed significantly (P < 0.05) between Classes 1 and 3 and between Classes 2 and 3, suggesting that an optimum end-effector speed for STS movement likely exists; this is further discussed in the next section.
The mean and SD of MARP for Classes 1-3 were 11.07 ± 10.94, 13.15 ± 6.63, and 23.66 ± 11.18, respectively. MARP for Classes 2 and 3 were 1.19 and 2.14 times larger than that for Class 1, meaning that Class 3 had a higher probability of out-of-phase pattern than did Classes 1 and 2. The largest effect of the out-of-phase pattern on STS movement occurred under the minimum condition of RP at the end of trunk flexion. The data revealed significant (P < 0.05) differences in MARP between Classes 1 and 3 and between Classes 2 and 3.
Regarding DP, the mean and SD for Classes 1-3 were 6.88 ± 2.83, 10.06 ± 5.25, and 13.55 ± 4.14, respectively. DP for Classes 2 and 3 were 1.46 and 1.97 times larger than that for Class 1, indicating that Class 3 had the lowest stability during STS movement. Moreover, the weakest effect of stability occurred under the minimum condition of RP , when the trunk was about to finish flexing and beginning to extend. DP differed significantly (P < 0.05) between classes 1 and 3 and between classes 2 and 3. Fig. 7 shows that these three features have can discriminate Class 3 from Classes 1 and 2 with a high probability, meaning that these features are useful for data mining [14] - [17] . 
IV. DISCUSSION
The proposed RP method, which facilitates the simultaneous evaluation of angular position and angular velocity, was demonstrated to be useful for evaluating the support quality of robots during STS movement. Moreover, the three extracted feature points, RP, MARP, and DP, can be used for classification through supervised robot learning of robot so that the robot can automatically analyze the service quality.
RP, a higher-order measure to describe the coordinated motion, has been widely used to identify stability and transitions in the dynamics of bimanual coordination and to characterize joint or segmental synchronization during gait [18] - [22] . Moreover, RP theory provides a universal evaluation method for human movements, because participant-related kinematic parameters are normalized in the phase plane.
The RP method works best on signals that are nearly sinusoidal. When the signal deviates strongly from a sinusoidal pattern, spurious oscillations may occur in the in RP. Moreover, it is often difficult or impossible to use RP for purely spatial interpretations of phasing. In rehabilitation procedures, clinical practice, and motor learning, the focus is often on improving the spatial relationships between joints or segments. In these cases, vector coding procedures may provide a better means of assessing synchronization changes than does the RP method.
Volunteer senior citizens were free to participate in this study. However, most support robots are originally designed for the elderly or for patients with functional limitations. Schenkman et al. [23] argued that a more successful approach would be to examine how healthy individuals execute the STS movement under different conditions and to utilize this information to interpret the performance of those with functional limitation or impairments. Moreover, because of current ethics review policies for intervention study in Japan, performing short-terms experiments on senior citizens is very difficult. Therefore, as an alternative, we measured muscle activities during the experiment to verify our results.
Various muscles are being involved in STS movement. Roldán-Jiménez et al. [24] analyzed muscular activity and fatigue using EMG during STS tests and demonstrated that the vastus medialis of the quadriceps (QM) plays a major role in STS movement. Furthermore, the QM is the muscle most likely to be fatigued, followed by the tibialis anterior (TA). Moreover, TA is mainly used for motion and for maintaining balance and posture. Therefore, we measured the muscle activities at QM and TA to examine how these two muscles worked during STS movements with and without robot assistance. Fig. 8 shows the electrode locations and EMG results, which were measured and recorded using PowerLabAd Instruments. When the robot provided STS support at a high speed (Class 2), QM muscle consumption was lower than when the participant stood up by themselves (Class 1) or with low-speed assistance (Class 3) at (41.89 mV for Class 2, 42.29 mV for Class 1, and 42.33 mV for Class 3). Linear envelope EMG under Classes 2 and 3 showed less local maximum points and gentler movement, meaning that robot-assistance decreased the instant eruption force of the QM muscle. By contrast, the TA muscle fired at the beginning of STS movement under Class 1 but later under Classes 2 and 3, as has been reported by Roldán-Jiménez, TA muscle is defined as one of the first muscles activated during STS movement. Under low-speed assistance, muscle consumption was larger than under high-speed assistance (17.12 mV for Class 3 and 16.42 mV for Class 2), and the muscles were activated for longer (25% for Class 3 and 15% for Class 2). This is likely because of poor movement synchronization, which forces the TA muscle to work more to maintain the balance and to counteract the negative effects of the uncoordinated STS movement.
The limitation of our approach is that in such optical systems, obtaining video information from only the right-side may result in the loss of information about the left side, making it impossible to evaluate trunk balance during STS movement. To overcome this problem, in the future, we intend to use three-dimensional measurement systems to record the movement.
V. CONCLUSION
This study proposed, for the first time, a method to evaluate the service quality of STS-assistance robots through the relative phase. Experimental results evidenced that evaluating STS movements through the RP is an effective method of evaluating the service quality of robots, and features extracted from RP theory could distinguish classes of movements with a high probability. The proposed method can be used as a universal approach to investigate coordinated movement in human-robot interactions.
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